When it was soaked, more were desorbed In this study, gas desorption behaviors of graphite anode samples after various surface treatments and electrolyte solvent adsorption properties were investigated. The total amount of desorbed gases for the natural graphite samples increased after soaking in propylene carbonate, and increased even further with Raman R value, suggesting that surface defects act as an eŠective adsorption site for the electrolyte. Theseˆndings indicate that surface treatment such as a coating might be an eŠective remedy to reduce the amount of desorption gases in natural graphite samples. It was also found that the total amount of gas desorption largely decreased with the coating with polymer resin and subsequent heat treatment at 423 K for 12 hours in a medium of air. It is likely that the dominant gas species present in the natural graphite after the electrolyte soaking are dependent on the binding energy and the molecular structure of the electrolyte solvent.
Introduction
Lithium ion secondary batteries are widely employed for numerous electronic products such as cellular phones and notebook computers 1, 2) . Graphite is used for the anode material 3) because of its relatively high speciˆc reversible capacity (theoretically 372 mAhg -1 ), small irreversible capacity, and good cyclability 4) . An anode made of natural graphite has some advantages such as low production cost and high capacity, compared with an anode made of artiˆcial graphite 5) . However, it has been found that large gas desorption occurs at high temperatures for batteries with natural graphite 6) , with the desorption resulting in short circuiting and deformation of the battery. Therefore, control of the gas desorption in anodes made of natural graphite is necessary to develop a battery with higher capacity and lower production cost.
In the present study, the gas desorption behaviors of several anode samples made of artiˆcial graphite and natural graphite were evaluated after being soaked in several electrolyte solvents and submitted to various surface treatments. From the obtained results, a surface treatment method to reduce desorption gases was proposed.
Experimental procedure
The graphite anode samples used in the present study are summarized in Table 1 . The samples were prepared with graphite powder (20¿30 mg, 90 wt.z) and polyvinylidene ‰uoride (PVDF) binder (10 wt.z) coated on copper foil substrates (3 cm×1 cm). As graphite powder, artiˆcial graphite (Meso-phase carbon micro-beads (MCMB); R (Raman R value)＝0.4), natural graphite (R ＝0.42), and six kinds of natural graphites after the mechano-chemical processing with diŠerent R value (R ＝0.22, 0.31, 0.55, 0.65, 0.70, 0.75) were used. Raman R value represents the ratio of the intensity of D-band (1582 cm -1 ) to the intensity of G-band (1330 cm -1 ) in the Raman spectrum. D-band and G-band are associated with disordered carbon structures and single crystal structures in graphite, respectively 7) . When Raman R value increases, the degree of disorder for crystallinity increases. It is noted that this mechano-chemical processing did not cause a large change in speciˆc surface area 8) . In addition, coatings were created by heat treatments on the surface of the natural graphite powder by two types of resins, and these samples were measured. This surface treatment was performed in order to reduce the total amount of gas desorption. The thickness of the coating layer was 0.01-2 mm. Sample A, one of the coated samples, was prepared by coating with phenolic resin and a heat treatment at 623 K for 30 minutes in a nitrogen atmosphere. Sample B was prepared by a coating with polyglucose (molecular mass≒50,000) and a heat treatment at 423 K for 12 hours in air. Sample C was prepared by a coating with a diŠerent polyglucose (molecular mass≒100,000) and the same heat treatment at 423 K for 12 hours in air. Of three coated samples, sample C had the highest charge/discharge performance, and sample A the lowest.
The gas desorption behaviors of these samples were investigated by using a thermal desorption spectroscopy (TDS), and the schematic diagram for the TDS measurement has been well described in other literature 9) . The sample was linearly heated by an infrared furnance from RT to 423 K at a heating rate of 0.083 K/s. The maximum temperature was determined as the limit of available temperature in lithium ion secondary batteries. The amount of desorbed gas during the heating was quantitatively measured by using a quadrupole mass spectrometer.
The gas desorption behaviors of these samples after the adsorption to several electrolytes were also investigated. After degassing at 423 K, the sample was soaked in an electrolyte for 24 hours and then dried in a vacuum (¿10 Pa) for 24 hours. For electrolytes, propylene carbonate (PC), dimethyl carbonate (DMC), the mixture of PC/ethylene carbonate (EC) (1 : 1 by volume) or DMC/EC (1 : 1 by volume) were used. These mixtures of electrolyte solvents are commonly used in lithium ion secondary batteries 10) . Fig. 1 shows the molecular structures of PC, EC and DMC. After drying, the gas desorption behaviors of these samples were similarly evaluated. Figure 2 shows the thermal desorption spectra of the natural graphite sample with R value of 0.42 before the PC soaking. The compounds and amounts of gas species desorbed from the graphite samples were independent of the R value. The main compounds were H2O and CO, which originated from the H 2 O adsorption into the atmosphere. Figure 3 shows the thermal desorption spectra of the natural graphite samples (R＝0.42) after PC soaking. The dominant gas compounds desorbed from the natural graphite after the soaking were hydrocarbons (CH 4 and C 2 H 6 ). These desorptions resulted from the electrolyte adsorption on the defect of the graphite surface. Figure 4 shows the amounts of desorbed gases before and after the PC soaking as a function of R value. No clear dependence of the desorbed amount on Raman R value before the PC soaking was observed for the natural graphite samples. This fact might be due to the fact that the amount of adsorbed gases did not saturate with respect to the adsorption site.
Results and discussion

Gas desorption properties of graphite anode samples with various R values before and after soaking in propylene carbonate
The total amount of desorbed gases for the natural graphite samples was increased by soaking. In this case, the total amount of gas desorption is observed to increase with the Raman R value, suggesting that surface defects act as eŠective adsorption sites for the electrolyte solvent. (Therefore, surface treatment such as a coating might be eŠective to reduce the total amount of gases desorption in the natural graphite samples.) On the other hand, the total amount of desorbed gases for the artiˆcial graphite after the PC soaking was almost the same as that before the soaking. It might be associated with very few defects, which acted as eŠective adsorption sites on the artiˆcial graphite surface.
EŠect of surface treatment on gas desorption properties for natural graphite
To reduce gas desorption, we prepared the natural graphite samples with various surface treatments, Samples A, B and C (See Experimental Procedure and Table  1 ). Figure 5 shows the amount of desorbed gases for natural graphite samples after PC soaking. For comparison, the amount for natural graphite without the treatment, as well as those for artiˆcial graphite, are shown in Fg. 5. The amount of desorbed gases for sample A are larger than for the natural graphite sample. On the other hand, the amount of desorbed gases for sample B and C are smaller than for the natural graphite sample. The results demonstrate the possibility of reducing desorbtion gases further to the level of the artiˆcial graphite sample by means of surface treatment. For the preparation of sample A, heat treatment after the coating was performed at 623 K. This treatment at such a high temperature might cause the destruction of the coated layer by the phenolic resin, which might lead to additional defects on the surface and/or the formation of defective coating. The used resins decomposed when temperatures exceeded 443 K, one possible reason for large desorption for sample A. On the other hand, for the preparation of sample B and C, the temperature of heat treatment, 423 K, was adequate for eŠective coating of adsorption sites on the surface of the graphite. It was noted that the charge/discharge performances of these anode samples were better than that of the natural graphite sample 11) .
Gas desorption properties of natural graphite sample after soaking in various electrolyte solvents
The gas desorption properties of natural graphite samples after soaking in various electrolyte solvents was evaluated. The dominant gas species desorbed from the natural graphite sample after the soaking in all electrolyte solvents were hydrocarbons (CH 4 and C 2 H 6 ). The amounts of desorbed gas of CH 4 , C 2 H 6 , and the total amount of desorbed gases after the soaking in each electrolyte are shown in Fg. 6. The total amount of desorbed gases was independent of the electrolyte solvent species. The amount of desorbed CH 4 for the PC/EC electrolyte solvent, however, was larger than that for PC, and the amount of desorbed C 2 H 6 for the DMC/EC electrolyte solvent was larger than that for DMC. These results might be associated with diŠerent chemical bond energies 12) within the respective electrolyte molecules of PC, DMC and EC. In fact, the chemical bond energies of the C-C bond (349 kJ/mole) and the C-O bond (353 kJ/mole) were lower than the C＝O bond (462 kJ/mole) and the O-C(＝O) (806 kJ/mole) bond. Therefore, the amount of desorbed low molecular weight hydrocarbon (CH 4 ) was PCºECºDMC. On the other hand, the amount of desorbed high molecular weight hydrocarbon (C 2 H 6 ) was DMCºECºPC.
Conclusions
Upon analysis of the gas desorption properties of the anodes of a lithium ion secondary battery, the amount of desorbed gases for natural graphite samples after propylene carbonate soaking increased with Raman R value. This result suggests that the surface defects act as an eŠective adsorption site for electrolytes. The natural graphite samples coated with the resin and heated to 423 K, which permitted a reduction of gas desorption. The results demonstrate the possibility of the development of
